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A resonantly-enhanced photon-regeneration experiment to search for the axion or axion-like par- 
ticles is described. This experiment is a shining light through walls study, where photons travelling 
■ through a strong magnetic field are (in part) converted to axions; the axions can pass through an 

opaque wall and convert (in part) back to photons in a second region of strong magnetic field. The 
photon regeneration is enhanced by employing matched Fabry- Perot optical cavities, with one cavity 
£SJ ■ within the axion generation magnet and the second within the photon regeneration magnet. Com- 

pared to simple single-pass photon regeneration, this technique would result in a gain of (J-/n) 2 , 
where T is the finesse of each cavity. This gain could feasibly be as high as 10 10 , corresponding 
to an improvement in the sensitivity to the axion-photon coupling, <? aT y, of order (J r /n) 1 ^ 2 ~ 300. 
This improvement would enable, for the first time, a purely laboratory experiment to probe axion- 
| photon couplings at a level competitive with, or superior to, limits from stellar evolution or solar 

axion searches. This report gives a detailed discussion of the scheme for actively controlling the 
two Fabry-Perot cavities and the laser frequencies, and describes the heterodyne signal detection 
system, with limits ultimately imposed by shot noise. 

I. INTRODUCTION 
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The axion remains the most attractive solution to the strong-CP problem and is also one of two leading dark-matter 
candidates^. Recently, it has been realized that axions represent a fundamental underlying feature of string theories; 
there could be several or even a great number of axions or axion-like particles within any particular string theory 2 -. 

Present constraints restrict the axion to have very small mass with mc 2 in the range between a /ieV and a meV, 
making the axion extraordinarily weakly coupled to matter and radiation. Nevertheless, there is considerable ongoing 
£f~) • experimental effort to search for axions. There are at least three distinct branches to the search. One may detect the 
' axions which constitute the dark matter, observe axions emitted from the sun's burning core, or produce and observe 
, axions employing purely laboratory methods. These last experiments do not depend on cosmological or astrophysical 
sources. All of the current efforts rely on the axion's coupling to two photons; indeed, all are based on the Primakoff 
0^ . effect by which one of the photons is virtual, whereby an axion can convert into a single real photon of the same 
energy (or vice versa) in a classical electromagnetic field, generally that of a large high- field superconducting magnet 3 . 
The coherent mixing of axions and photons over large spatial regions can compensate for the axion's extremely weak 
coupling to a degree sufficient to encourage the experimental campaigns, although it must be recognized that at the 
present time, there is no credible strategy to completely cover the remaining open parameter space for the axion mass, 
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^ . m a , or its coupling to two photons, #077- 

The simplest and most unambiguous purely laboratory experiment to look for axions (or light scalars or pscu- 
doscalars more generally) is photon regeneration (shining light through the wall} 4 . A laser beam traverses a magnetic 
field, and the field stimulates a small fraction of photons to convert to axions of the same energy. A material barrier 
easily blocks the primary laser beam; in contrast, the axion component of the beam travels through the wall unimpeded 
and enters a second identical arrangement of magnets. There the axions are converted with the same probability back 
to photons. Because the photon-regeneration rate goes as <?q 77 , the sensitivity of the experiment is poor in its basic 
form, improved only by increasing the magnetic field strength or the length of the interaction regions. As initially 
suggested by Hoogeveen and ZiegenhagenS, and briefly presented in a previous letter—, very large gains may be realized 
in both the photon-regeneration rate, and the resulting limits on g a7 7 by introducing matched optical resonators in 
both the axion production and the photon regeneration magnetic field regions. In this longer report, we provide a 
detailed discussion of an experimental realization, particularly the scheme for locking two matched high-finesse optical 
resonators, the signal detection method, and the ultimate noise limits. Although challenging, the feasibility of the 
experiment relies on well-established technologies developed for example for laser interferometer gravitational-wave 
detectors^. 

Section II will summarize the relevant theory and phenomenology of the axion. Section III will discuss photon 
regeneration, and resonantly-enhanced photon regeneration, presenting experimental results for the former. Section 
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IV will describe the design and operation of the laser and optical cavity system, based on a 6+6 string of Fermilab 
dipole magnets. Section V will present projected results for this specific design. 



II. THE AXION IN PARTICLE PHYSICS, ASTROPHYSICS AND COSMOLOGY 

The QCD Lagrangian contains a term which violates both P and CP, the so-called theta term, 



where is the gluonic field strength, G a ^ v is the dual of g s is the QCD gauge coupling, and 9 is a phase angle 
unprescribed by the Standard Model. The fact that the strong interactions conserve P and CP to a very high degree, 
as evidenced by the upper bound on the neutron electric dipole moment, implies that 9 = 9— arg (det m q ) < 1CP 10 . 
There is no reason within the Standard Model why 9 should be small. The absence of P and CP violations in the 
strong interaction constitutes therefore a puzzle, usually referred to as the strong CP problem. Peccei and Quinn 8 
in 1977 discovered an elegant solution to this problem in which 9 becomes a dynamical variable of the theory and 
is driven to its CP-conserving value by the non-perturbative effects which make QCD physics depend upon 9. The 
axion is the light pseudo-scalar particle which necessarily results from this theory^. It has a mass of 

f„m„ y/m u m d nc /10 7 GeV\ 
m a = — - sa 0.6 eV (2) 

f a m u +m d \ Ja J 



and a coupling to two photons given by 



£077 — 9y ' , ' * ' F^ U F^ . (3) 
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Here f a is some large energy scale where PQ symmetry is spontaneously broken, and g 7 is a model-dependent 
parameter of the theory. In all grand-unified models, for example the Dine-Fischler-Srednicki-Zhitnitskii model 
(DFSZ)^, g 7 w 0.36. In contrast, in the Kim-Shifman-Vainstein-Zhakarov (KSVZ) modeiU,, g 1 w -0.97. The 
axion-photon coupling is defined as g ail = a\g 7 \/nf a ; note that thus g a -yy oc m a and limited explorations of axion 
models find that for a given mass, ga-yy only varies over about an order of magnitude. 

A sufficiently light axion would also be an excellent cold dark matter (CDM) candidate. The axion mass is bounded 
from below by a cosmological constraint, namely the requirement that the present axion cosmological energy density 
not exceed the critical density of the universe. From the vacuum-realignment axion production mechanism the 
present-day density 
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0.6 • 10~ 5 eV\ 7/6 



m a J 
/200 MeVV 7 " /75 km/s • Mpc 



(4) 
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where p cr ,*t = 3Hq/8ttG is the present critical energy density, Ho is the present value of the Hubble constant and 
h-QCD is the QCD scale factor. Eq. Q implies the bound m a > 0.6 • 10 -5 eV. 

It should be noted that Eq. ((4|) only provides a rough estimate of the axion cosmological energy density. Uncertainties 
result from many sources; in particular, whether PQ symmetry-breaking occurred before or after inflation, the nature 
of the QCD phase transition, and the possibility of entropy production by late-decaying heavy particles. Assuming 
standard concordance cosmology, our estimate of the most likely value of the axion mass for which Sl a = 0.22 is 
1.5 • 10~ 5 eV, if inflation happens before the PQ phase transition. Nevertheless, given all uncertainties, the lower 
bound on the axion mass is nominally taken to be m a > 10~ 6 eV. 

The mass of the axion is bounded from above by laboratory experiments and constraints from stellar evolution, the 
most severe being SN1987a 13 , which limits the axion mass to m a < 1.6 • 10~ 2 eV. The bound from SN1987a results 
from the duration of the neutrino pulse observed by the 1MB and Kamioka detectors (about 20 total, distributed 
over 10 seconds) and from models of Type-II supernovae. Allowing axions to be produced from neutron-neutron 
bremsstrahlung in the core collapse, i.e. NN — > NNa would have provided a free-streaming energy loss channel for 
axion masses between roughly 0.001 and 1 eV, which would have foreshortened the neutrino pulse unacceptably. 

The axion-photon coupling constant is directly constrained by horizontal branch (HB) stars to be ^077 < 
10 -10 GeV -1 — . This bound derives from the effect of axions produced by the Primakoff process in the nuclear 



-1 -8 



_ 10- 10 

O 

10- 12 



-J Qr 14 



10 -16 



I > I | I I | I I | I I | 




Horizontal Branch 
Star limit 




Sn1987a 



I L 



Axion 
models 



' I ■ ' I i ' I 



10 -6 



10" 4 



m a (eV) 



10- 2 



10° 



FIG. 1: Constraints on the axion mass m a , and its coupling to two photons g ajl from cosmology and astrophysics, along with 
approximate representation of the band of theoretical models. 

burning core, i.e. 7 + Ze — > a + Ze, again representing a free-streaming energy loss channel which would disrupt the 
agreement of stellar evolution models with observational systematics of cohort star populations. 

Coupled with other stellar bounds and previous laboratory experiments, all standard axions of mass m a > 10~ 3 eV 
are excluded. Assuming axions to be the dark matter of our galactic halo, the ADMX microwave cavity experiment 
has excluded KSVZ axions within the narrow range 1.9 < m a < 3.3 /ieV; earlier searches set limits up to 16 /zeV 
although for considerably stronger couplings 15 *. The CAST experiment searching for solar axions set limits on g a j-y ap- 
proximately equal to the HB star limits. The cosmological and astrophysical limits on the axion, and an approximate 
representation of the theoretical models (m Q vs. g a -yy) are shown in Fig. [1] 



III. RESONANTLY ENHANCED PHOTON REGENERATION 



The action density for the dynamics of photons and axions is 



^(Va) 2 - ^m 2 a 2 - g ajl aE ■ B, 



(5) 
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where E, B and a are respectively the electric, magnetic and axion fields. The electromagnetic fields are given in 
terms of scalar and vector potentials, E = — V$ — d t A, B — V x A, as usual. The dielectric function e is assumed 
constant in both space and time. In the presence of a large static magnetic field B (x) , the equations of motion are 

eV • E = gay-fBo ■ Va 
VxB - ed t E = ~g ail B d t a 
d\ a — V 2 a + m 2 a a = —g a ~ n E-BQ. (6) 

B now represents the magnetic field minus Bq, and terms of order g ail aE and g ail aB are neglected. Eqs. (O describe 
the conversion of axions to photons and vice-versa. 

Using these equations, it can be shown^iii that the photon to axion conversion probability P in a region of length 
L, permeated by a constant magnetic field B transverse to the direction of propagation, is given by (h = c = 1) 

1 1 n 2 ( 2 qL 



where (3 a is the axion speed and q = k a — fc 7 is the momentum transfer. In terms of the energy u, which is the same 
for the axion and the photon, k a = \Jlo 2 — rnj, (3 a — k a /uj and fc 7 = ^/euj. The axion to photon conversion probability 
in this same region is also equal to P. Everything else being the same, the conversion probability is largest when 
g«0. For m a << to, and propagation in a vacuum (e = 1), 

Fig. 2a shows the photon regeneration experiment as usually conceived. If Eq is the amplitude of the laser field 
propagating to the right, the amplitude of the axion field traversing the wall is EqVP where P is the conversion 
probability in the magnet on the LHS of Fig. la. L et P' be the conversion probability in the magnet on the RHS. The 
field generated on that side is then E$ = Eq^/P'P and the number of regenerated photons is Ns — P'PNq where Nq 
is the number of photons in the initial laser beam. 

Fig. 2b shows the two improvements^ we propose for the experiment. The first is to build up the electric field 
on the left hand side of the experiment using a Fabry-Perot cavity, as illustrated. We will call this cavity the axion 
generation cavity. Assuming an amplitude transmissivity of t\ a of the input mirror, amplitude reflectivities of the two 
cavity mirrors r\ a and T2 a ~ 1, and a cavity length such that the multiple reflections between the mirrors interfere 
constructively, then the right- propagating field inside the cavity, E a , will be: 

where Ei n is the amplitude of the laser field going into the cavity and V a is the fractional power loss the light encounters 
during one round-trip inside the cavity, less the losses due to the transmissivity of the input mirror. Hence, V a includes 
power absorption in both mirrors, scattering due to mirror defects, diffraction from the finite mirror size, and the 
(small) leakage through mirror 2. The circulating light in the cavity creates an axion field of amplitude 

a = ^PE a = VP , 2 2 ^V Ein ( 10 ) 

t la + V a 

As long asw> m a , the spatial distribution of the axion field is identical to the spatial distribution of the electric field. 
Assuming the lasers in Fig. la and Fig. lb have the same power, the flux is increased by the factor kt\j{t\ a + V a ) 2 
compared to the case without generation cavity. These axions propagate through the "wall" and reconvert into 
photons in the regeneration region. 

As we have said, increasing the axion production rate, and thus the photon regeneration rate, by building up 
the optical power in the first magnet is not a new idea. In fact, the very first photon regeneration experiment 
performed and published by the BFRT collaboratio n 18 ! 19 utilized an "optical delay line," which caused the laser beam 
to traverse the magnet 200 times before exiting. With relatively modest magnets (4.4 m, 3.7 T each), a limit of 
g ail < 6.7 x 10~ 7 GeV" 1 was set. Four more photon-regeneration results have recently been reported. The BMV 
collaboration utilized a short, pulsed high-field magnet (0.37 m, 12.3 T), and pulsed laser fields (ui = 1.17 eV, 1.5 
kJ/pulse, 4.8 ns, firing every 2 hours), reaching a limit of g ail < 1.25 x 10 -6 GeV -1 — . The GammeV collaboration 
built upon a single Tevatron dipole (6m, 5T) with a movable optical barrier in the middle to divide the magnet into 
production and regeneration regions, was the most sensitive, setting an upper bound to the axion-photon coupling of 
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FIG. 2: (a) Simple photon regeneration, (b) Resonant photon regeneration, employing matched Fabry-Perot cavities. The 
overall envelope schematically shown by the thin dashed lines indicates the important condition that the axion wave, and thus 
the Fabry-Perot mode, in the photon regeneration cavity must follow that of the hypothetically unimpeded photon wave from 
the Fabry-Perot mode in the axion generation magnet. Between the laser and the cavity is the injection optics (10) which 
manages mode matching of the laser to the cavity, imposes RF sidebands for reflection locking of the laser to the cavity, and 
provides isolation for the laser. The photon detectors are also preceded by matching and beam-steering optics. Layout is only 
schematic; as will be seen later, IO will likely be placed between the cavities. 



g ail < 3.5 x 10~ 7 GeV -1 — . The LIPSS^ collaboration used a pulsed free electron laser and two identical magnets 
(1.77 T, 1 m) and reached a limit similar to the BMV limit. Also the OSQAR experiment™ reached a similar upper 
limit using a 18 W argon laser and one LHC dipole magnet (9.5 T, 14.3 m)separated into two halves by an optical 
barrier. These limits are valid only for axion masses below about one meV, with the full sensitivity of the BMV 
experiment extending to m a w 2 meV, due to the shorter length of the magnet; see Figure 3. Other experiments are 
in various stages of preparation^!. 

There is substantial gain from building up the laser power in the axion production magnet; however, it is immaterial 
whether one "recycles" the photons incoherently, as in an optical delay line, or coherently, as in a Fabry-Perot cavity. 
In contrast, the coherent case alone can provide a large additional gain in sensitivity for photon regeneration. Thus, 
the second improvement^ is to install also a second Fabry-Perot cavity, the photon regeneration cavity, on the other 
side of the experiment, making a symmetric arrangement, as illustrated on the right-hand side of Fig. 2b. In this 
setup, the axion field acts as a source field similar to a gain medium in a laser resonator. The intra-cavity field can 
be calculated using the equilibrium condition: 

£L = v VPae ikad (11) 

where 4>rt is the round trip phase of the field, d is the distance between the two cavities and ri 7 and are the 
amplitude reflectivities of the two cavity mirrors. r\ is the spatial overlap integral between the axion mode and the 
electric field mode. This overlap will be identical to unity (up to corrections of order m a /^o) if the spatial eigenmodes 
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FIG. 3: Exclusion region from three photon-regeneration experiments reported to date . 18 ' 19 ' 20 ' 21 See text for discussion. 



of the two cavities are extensions of each other, e.g. when the Gaussian eigenmode in one cavity propagated to the 
other cavity is identical to the Gaussian eigenmode of that cavity. 

The field will be resonantly enhanced if (f)RT = N2ir. To detect the regenerated field, a small part is allowed to 
transmit through one of the cavity mirrors, say mirror 1, with an amplitude transmissivity of ti 7 : 



Es — ti 1 E 1 



(12) 



Here we replaced the amplitude reflectivities with the amplitude transmissivities and intensity losses of the mirrors: 



n 7 = x j\-t%-V Xl ^\- 



t 



17 V17 

2 2~ 



(13) 



The final regenerated electric field is: 



E s = 



2f 



2t 



in 



t% + v, 



ik a d 



vPE a e l 



(14) 



7 



Or in terms of regenerated photons: 

where we have replaced the amplitude transmissivities with the commonly used intensity or power transmissivities 

The final signal depends on the laser power build-up in the axion generation cavity and the signal build-up in 
the photon regeneration cavity. The build-up in the regeneration cavity is only limited by the losses V 1 and the 
transmissivity Ti 7 . As always, the field outside the cavity is maximum when the cavity is impedance matched 
(T = V). The losses include coating absorption and scattering from imperfections in the polished surface, mainly 
small angle scattering. Current state-of-the-art mirrors have coating absorption of < 1 ppm and scatter of < 5 ppm or 
total losses in the order of V ss 10 ppm for both mirrors combined. For the impedance-matched case, it is convenient 
to express Eq. (JT5J) in terms of the finesse T lt a of the cavities: 

N s = v 2 ^ L —P 2 N in (16) 

Note that resonant regeneration gives an enhancement factor of ~ (J-'/tt) 2 over simple photon regeneration. This 
factor may feasibly be 10 10 , corresponding to an improvement in sensitivity to g a ~ n of ~ 300. 

The power build up in the axion generation cavity is further limited by thermal heating of the mirror surfaces 
caused by the absorption of the stored light in the mirror coatings. This heating will change the radii of curvature of 
the cavity mirrors, increase the scatter losses due to non-spherical higher order figure distortions, and create a thermal 
lens in the substrate of the input mirror—. Current estimates based on Rcf. 25 suggest that we can operate the cavity 
with approximately 100 kW intra-cavity power without a dedicated thermal correction system. This value could be 
increased by at least one order of magnitude using a LIGO-likc thermal correction system, mirror substrates with a 
higher thermal conductivity then fused silica such as sapphire, and/or cooling the mirrors to lower temperatures where 
there is a significant increase in the thermal conductivity of the mirror substrates^. The axion generation cavity can 
potentially increase the number of generated axions by 5 orders of magnitude while the photon regeneration cavity 
potentially increases the number of regenerated photons by another 5 orders of magnitude. 

IV. EXPERIMENTAL IMPLEMENTATION 

The resonantly-enhanced photon regeneration experiment, involving the design and active locking of high-finesse 
Fabry-Perot resonators and the heterodyne detection of weak signals at the shot-noise limit, is well supported by 
the laser and optics technology developed for LIGOi. This section will discuss all aspects of the experimental 
implementation while the next section will present estimates of the achievable experimental sensitivity for a realistic 
design in terms of power-handling capabilities and mirror technologies. 

A. Magnets 

The design utilizes a total of 12 Tevatron superconducting dipoles (each 5T field, 6m length, and 48mm diameter 
warm bore), 6 for the axion generation cavity and 6 for the photon regeneration cavity; hereafter referred to as 
the "TeV 6+6" configuration. There is a large infrastructure and experience base for the Tevatron dipoles, and an 
adequate number are available. 

B. Cavity design 

The layout requires that the optical cavities are mode-matched to each other. In addition, losses due to aperture 
effects should be kept very low. These considerations, together with the dimensions of the available magnets, drive 
the design of the two optical cavities. The waist of the optical eigenmode of both cavities should be half way between 
the cavities, at or near the location of the beam block. The magnets plus the necessary space between each magnet 
and at the ends of the magnets set the final length of each cavity. Although all details have not yet been worked out, 
we expect that the end mirror of each cavity will be about 46 m away from the waist. The central mirrors can be 
placed within 2 m of each other or 1 m away from the waist implying a cavity length of L cav = 45 m. 
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Although Fig. 2 schematically shows the laser light being fed to the axion generation cavity at the far end (relative 
to the waist) it is clearly preferable to inject the light in the space between the mirrors. This approach minimizes the 
separation of the injection/locking circuits from the optics and electronics that lock the photon regeneration cavity. 
(See discussion below.) The rest of the paper uses this approach as the baseline. 

The free spectral range of each cavity would then be: 

FSR = - — j « 3.3 MHz (17) 

2 x L'cav 

The optical cavities have to support mirror-image fundamental spatial modes and should suppress all higher order 
spatial modes. Therefore, we choose ^-parameters' for the optical cavities such that 3132 — 0.6, where <?.; = 1 — 
L cav /R i: with Ri the radii of curvature of the mirrors. The transversal mode spacing is then: 



Avtem = aC ° s( ^) x FSR « 726 kHz (18) 

Using the dependence of the mirror locations with respect to the waist of the eigenmode on the ^-factors and the 
length of the cavity 2 ^, 

32(1 -9i) T 1 

Zl = ; L CQ „ = -lm 

3i + 92 - 23132 

51(1-52) T .„ nn . 

Z2 = ; = L cav = 46m (19) 

31 + 92 - 23132 

we can calculate the individual 3-factors: 

31 = 1.015 32 = 0.591. (20) 
The beam sizes Wi on the mirrors and the waist wo are then: 

w\ — 4.29 mm wq W2 = 5.62 mm (21) 
The beam size at the input mirror is essentially identical to the waist size. The mirror radii of curvatures are nominally: 

ROd = — ^- = -2946 m w 00 
1-31 

RO C 2 = i^ = 110m. (22) 
1 - .92 

If we replace the input mirror by a flat mirror, the loss from mode mismatch between the two cavities is less than 
10~ 4 in field amplitude while the beam sizes would increase by ~ 10 /im. For all practical purposes, it is sufficient to 
assume a flat input mirror. Note that the intensity on the mirror in the center of the beam for an intra-cavity power 
of 1 MW would be: 

/ - 2 ^^3 5^_^ (23) 
irw 2 cm 2 [1 MW] [ ' 

well below the damage threshold of modern coatings. 

The Tevatron magnets have a 48 mm cold bore and are slightly curved. They will be attached to each other such 
that the clear aperture wiggles around the optical axis but possesses no net bend over all 12 magnets. We estimated 
that the clear aperture through the entire 12 magnets will be ~ 39 mm well beyond the necessary aperture given the 
above derived beam sizes. However, clipping at the aperture of the Tevatron magnets could limit future expansions 
of the experiment to about 100 m length for each cavity. 

In addition to mode mismatch because of mismatched beam sizes and radii of curvatures, the efficiency of photon 
regeneration will also depend on alignment mismatches between the cavities. Angular or lateral misalignment of the 
optical axes would significantly reduce the spatial overlap between the two modes. Losses caused by a lateral shift 
Sx scale with the beam size, those caused by an angular shift scale with the divergence angle, so that the overall 
efficiency is: 
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FIG. 4: Schematic of the Pound-Drever-Hall stabilization and locking technique of the two cavities, and the heterodyne 
demodulation scheme for detection of the signal. EOM: Electro-optical Modulator PLL: Phase Lock Loop, Iso: Optical 
Isolator, PD: Photo detector. The red dashed line indicates the beam line of the leakage field from the Axion generation cavity. 
After removing the beam block, this beam can be used to align both cavities. 



Recall that r/ is the spatial overlap integral between the axion mode and the electric field mode. Requiring an efficiency 
T] > 0.95, the requirements on the lateral and angular offsets for the proposed TeV 6+6 configuration are: 



mm; 



(25) 



6a < Vome « 17 Airad, 
This alignment has to be checked periodically as part of the run protocol. 



(26) 



C. Length and frequency stabilization system 



Intrinsic to resonantly enhanced photon regeneration is the requirement that the axion generation and photon 
regeneration cavities are both on resonance with the axion generating laser field Ei n . The proposed experimental 
setup to achieve these conditions is shown in Figure [4j The laser frequency lo\ of Laser 1 which resonates inside the 
axion generation cavity will be stabilized to the eigenfrequency of the cavity by means of a modulation/demodulation 
technique commonly known as the Pound-Drever-Hall technique 28 . In this technique, the phase of the laser field 
is modulated with an electro-optic modulator (EOM) before it enters the cavity. This modulation creates a pair 
of sidebands offset from the carrier by ± the modulation frequency. These sidebands are not resonant inside the 
cavity and are directly reflected at the front mirror of the optical cavity while the carrier enters the cavity. The 
cavity internal carrier field then transmits back out through the front mirror, where it is superimposed on the directly 
reflected carrier field. If the carrier is on resonance in the optical cavity, its round-trip phase shift is a multiple of 2-7T 
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and the leakage field is it out of phase with the directly reflected component. Consequently, the superposition between 
carrier and sidebands maintains its phase modulation character, i.e., the generated photocurrent does not show any 
modulation at the phase modulation frequency. If the carrier is slightly off resonance in the optical cavity, its round 
trip phase shift is not exactly a multiple of 27r, and the superposition between carrier and sidebands can no longer be 
described as a pure phase modulation but includes now also some amplitude modulation. The amplitude modulation 
is directly proportional to the round trip phase shift (modulo 2tt) or the frequency offset between the carrier field and 
the resonance frequency of the cavity. Moreover, it changes sign as the cavity passes through resonance. This signal 
is detected, amplified, filtered and fed back to the laser's frequency actuators. 

Axions regenerated as photons in the photon regeneration cavity will have the same frequency as the laser photons. 
Thus, resonant photon regeneration requires that an cigcnfrcquency of this cavity must be well within the lincwidth of 
the resonance of the axion generation cavity. This resonance condition may be achieved and maintained by means of 
Laser 2 of frequency 0J2 that is offset from the frequency of Laser 1. Light from Laser 2 will first be mixed with some 
light picked off from Laser 1; the beat signal will be demodulated with a tunable RF frequency. The demodulated 
signal will then be amplified and filtered before it is fed back to the frequency actuators of the Laser 2 to maintain 
a heterodyne phase lock between the two lasers. The difference frequency is then identical to the RF frequency 
fi = lj\ — LJ2 , which will be set to equal a multiple of the free spectral range of the photon regeneration cavity. The 
field from Laser 2 is then injected into the photon regeneration cavity and one of the eigenfrequencies of this cavity is 
then locked to the frequency of Laser 2 using again the Pound-Drever-Hall scheme described above, the sole difference 
being that here the feedback controls the length of the second cavity (through piezo transducers acting on one of the 
mirrors), rather than controlling the laser frequency as is done in the axion generation cavity. 



Heterodyne detection of the signal 

The axion field will coherently generate a signal field Eg at laser frequeny lo\ with a phase which depends on the 
geometric distance between the two cavities. After leaving the photon regeneration cavity, this field has the form (see 
equation [T2"|) : 

E s = Esoe^e* cb = k a d (27) 

This field, mode matched to the photon regeneration cavity, will propagate towards the photodetector which is also 
used to generate the Pound-Drever-Hall signal for the cavity stabilization. In addition, the field from Laser 2 is used 
as the local oscillator for the signal field. The photodiode signal is the beat between the two fields, given by: 



S = 



E S oe i(uitH,) + E LO e luJ2t 

E\ Q + 2E LO E so cos (fit + <j>) (28) 



where we have assumed that Ego ^ Elo- The limiting noise source in the detection process will be shot noise. 
Therefore, it is convenient to express the signal in terms of the number of photons in both fields: 

S = N LO + Si cos fit - S Q sin fit (29) 

where: 

Si = 2^ N LO N s cos cj) S Q = 2^N LO N s sin0 (30) 

are the two quadrature components of the signal. 

The shot noise or variance in each quadrature can be calculated from the number of photons detected: 



07 



'2N= ^2N LO =a Q . (31) 



The factor \[2 is a fundamental consequence of the detection process. The local oscillator beats with the vacuum 
fluctuations at frequency c^o + fi and at ujq — fi to generate a beat signal at fi. These two contributions are statistically 
independent and add quadratically. The signal to shot noise ratio is then: 

Si /t^t- Sr 



— = VSAscos^; -=£ = v^iVssin^. (32) 

If we could adjust the phase to guarantee that <fi <C 1 all the time, our signal to noise in the in-phase quadrature would 
be y/2Ns- This phase includes for example the distance traversed by the axion field, which is not commensurate with 
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the other optical paths. Therefore, it is currently not clear how to adjust this phase. Instead, it is likely that our 
starting phase during the detection process is arbitrary and that we have to combine both quadratures to measure 
the amplitude in the signal: 



= sJSj + 52 = 2y/N LO N s . (33) 
Similarly, the shot noise in both quadratures adds quadratically: 



( ^ - ~ 2 _ - (34) 
and the signal to shot noise is: 



— = V^Vs, (35) 

where N$ is the number of regenerated photons in the signal field. As expected, to obtain a signal to noise ratio of 
one requires one detected photon. 

Using equation [71 assuming qL/2 <C 1, and impedance matched cavities (T\ w V), the number of regenerated 
photons can be approximated as follows: 

TT TT lb 

= rf^^-igBoLr^r (36) 

TT TT 16 TLUJq 

where r is the measurement time and Pi n is the power of the first laser coupled into the axion generation cavity. During 
this measurement time the standard deviation in the number of detected photons increases with \fr. Consequently, 
the signal to shot noise increases as y/r. 



D. Noise sources and Efficiencies 



So far, this analysis assumes that the phase <$> is constant. Changes in the detection phase can be understood as 
phase modulation of the signal: 



cj>(t) = < <j>{t) > T +6<j>(t) 



(37) 



1 



<2tt 



j{uj Q t+4>) 



o i(u) t+4> ) 



where <f>(f) is the linear spectral density of the phase fluctuations. This modulation shifts power into other frequency 
components and reduce the main signal. Consequently, the amplitude of the phase modulation has to be sufficiently 
small. This condition is roughly equivalent to requesting that the rms-phase fluctuations stay below about 1 rad: 




fi(f)df <lrad 



(38) 



Note that this phase is the differential phase between the two laser fields, which is controlled by a heterodyne 
phase- locked loop. The reference signal for this phase-locked loop is also used to demodulate the signal itself. Sources 
for potential phase changes are changes in the distance between the two cavities, differential changes in the distance 
between BSi and BS2 and between BS\ and the axion generation cavity, and changes in the phase of the reference 
signal. A satisfactory solution could be to mount all optical components on a breadboard made from a material with a 
very low coefficient of thermal expansion such as a Zerodur or ULE and temperature stabilize the entire breadboard to 
keep the geometric and optical distances stable. Large variations in the phase of the reference signal are not expected, 
as this is a radio frequency phase and typical cable lengths are shorter than the wavelength of the RF signal. Length 
changes of the photon regeneration cavity will in first order change the phase of both fields by the same amount. Note 
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that the axion generation cavity is the reference length of the entire experiment and any changes in it will be tracked 
by the laser fields. 

Not every photon which reaches the active area of the photodetector will generate an electron. Some photons will be 
reflected; others will excite electron-hole pairs which recombinc in the active area. These effects reduce the efficiency 
of the photodetector. Typical quantum efficiencies of commercial photodetectors are on the order of 80% but several 
InGaAs detectors have reached quantum efficiencies of 95%2£. 

One technical noise source that needs to be considered is the dark current of the photodetector. This is usually 
measured in terms of noise equivalent power (NEP) per root Hz (or equivalently the noise at the measurement 
frequency integrated over a measurement time of one second). The beat frequency is equal to the free spectral range 
of the cavity which is approximately 3.3 MHz for a 45 m long cavity. Typical photodetectors with sufficient bandwidth 
have a noise equivalent power of less than 1 pW/\/Hz in the frequency range of interest, and saturate at an input 
power of a few mW. Assuming a power of the local laser of Plo =1 mW, the shot noise would be: 



a = 15 



pW 



(39) 



well above the noise of the photodetector. 



V. NUMERICAL EVALUATION AND DISCUSSION 

For the example of the TeV 6+6 setup described above, an input power of 10 W, a cavity finesse of T ~ 7r x 10 5 
(T = lOppm = V) for both cavities, and a SNR = 1 we find 



mm 
ya77 



2.0 x 10" 
GeV 



0.95 



180 Tm 



BL 



"10W" 


1/4 


10 days 


1/4 


p. 

1 in 




T 





10 ppm 



"I 1/2 



T 



(40) 



after 10 days of measurement time. This translates into a 95% exclusion limit (3<r) for axions or generalized pseu- 
doscalars with g™" < 2.0 x 10 _11 GeV _1 after 90 days cumulative running, well into territory unexplored by stellar 
evolution bounds or direct solar searches. Note that the exclusion sensitivity follows the inverse of sinc(gi/2), for 
the case of the TeV 6+6 configuration, the first null sensitivity occuring at 2.8 x 10 _4 eV. The momentum mismatch 
between a massless photon and a massive axion defines the oscillation length of the process to be L osc — 2%/q. 

As pointed out in Ref. 4 however, there is a practical strategy to extend the mass range upwards if the total magnetic 
length L is comprised of a string of N individual identical dipoles of length I. In this case, one may configure the 
magnet string as a "wiggler" to cover higher regions of mass, up to values corresponding to the oscillation length 
determined by a single dipole, i.e. q ~ I . The dotted boundaries in figure 4 depicts how the "wiggler" configurations 
can extend the mass reach of the exclusion regions; e.g. in the case of the TeV 6+6 setup, additional running in the 
combinations of magnet configurations TTTTTTi TTTIIIn TTIITT an d TIT IT I extend the mass reach by a factor \f& up 
to - 6 x !() ; eV. 

Clearly the most efficient way to extend the discovery (or exclusion) potential of the experiment to lower values of 
<? a77 is to make a longer and/or stronger magnetic string; g a - n ot (BL)^ 1 . While resonant photon regeneration marks 
a significant improvement over the simple experiment, in fact the sensitivity in g a -y-i still only gains (or loses) as T 1 ! 2 . 
Thus in our example, the experiment would still reach a limit of g ail = 6.2 x 10~ n GeV -1 even if the Fabry-Perot 
only achieved a finesse of T ~ 30, 000. Assuming 10 ppm intra cavity losses without diffraction, the optimum magnet 
length is reached when the aperture causes additional 5 ppm losses. For a clear aperture of 39 mm diameter, the 
optimum length would then be L opt ~ 90 m and, assuming impedance matched cavities, an intra cavity power of 
1 MW, and 5T-Tevatron magnets, g™" ~ 8.7 x 10 _12 GeV~ . This limit can further be improved using straight 

Tevatron magnets with a clear aperture of 48 mm and an optimum length of « 140 m to ff£J~ ~ 5.8 x 10 -12 GeV . 

Thus without future dramatic improvements in superconducting magnet technology, the reach in sensitivity for 
resonantly-enhanced photon regeneration will likely fall short of the axion model band in parameter space by roughly 
two to three orders of magnitude at m a ~ 10~ 4 eV, and three to four orders of magnitude at m a ~ 10~ 5 eV. 
Presumably the microwave cavity experiments^ 1 ^ will be able to cover the 10 [ieV range with adequate sensitivity 
to find or exclude the axion, assuming that axions constitute the dominant component of the Milky Way halo dark 
matter. Of course, we have no a priori knowledge of the axion model found in nature or even if it is to be found at 
all, and thus one should be open to surprise once any new region of parameter space becomes accessible. 
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FIG. 5: Current exclusion plot of mass and photon coupling (m a ,g a -yy) for the axion, and the 95% CL exclusion limit for the 
resonantly enhanced photon regeneration experiment calculated for the TeV 6+6 configuration and with a cavity finesse of 
3.1 x 10 5 . The solid curve represents the exclusion region with all magnets of the same polarity; the dotted lines indicate 
the additional reach in mass by running in all "wiggler" configurations, as described in the text. The existing exclusion limits 
indicated on the plot include the best direct solar axion search (CAST collaboration) 1 -, the Horizontal Branch Star limi^, 
and previous laser experiments . 18 ' 19 ' 20 ' 21 
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